We demonstrate a microfluidic device to control the motion of Vorticella convallaria by changing solution. 
INTRODUCTION
Although MEMS (Micro Electro Mechanical Systems) is a powerful tool in air or vacuum, the application of MEMS, especially actuators, in aqueous environment is limited. Magnetic micromixer can work in water, however, a driving circuit is necessary, which causes the size of total system enlarges. One solution to the problems is to employ the micrometer-scale motors from biological systems. Micro-organisms have their own actuators and control mechanisms functioning effectively in water. Recently we showed an idea to employ a ciliate protozoan, Vorticella as a micromixer [1] . Hiratsuka et al. rotated a microrotary motor composed of a 20-μm-diameter silicon dioxide with the use of bacterium Mycoplasma mobile [2] . Borrowing the well-adapted functions of the organism is beneficial and can result in the elimination of external driving sources.
We have identified a suitable biological motor in Vorticella convallaria capable of delivering high levels of force and displacement. This ciliate protozoan has a contractile stalk tethering the cell body to a substrate. A filament inside the stalk contracts and relaxes depending on the concentration of calcium ions as Fig. 1 shows. Contraction of live V. convallaria takes less than 10 msec [3] . After stalk membrane is permeabilized with detergent, ions can penetrate the sheath of the stalk, making both contraction and relaxation of V. picta controllable by adjusting ambient calcium concentration [4] . In this way, Vorticella can be used as a linear actuator that responds to calcium ion concentration.
One problem of using such a biological motor is the lack of a sophisticated control system such as the blood circulatory system in humans. In typical bio assays, solutions are manually changed with pipettes; this is slow and tedious. An automatic control system is desired to utilize the motor of Vorticella in MEMS. The goal of this study is to develop a microfluidic platform to manipulate the biomolecular motors by using micro valves to change the type and concentration of the solution [5] .
METHOD
To control V. convallaria, we fabricated a pneumatic microfluidic device (figure 2) controlled via computer, solenoid valves and a compressor. The microfluidic device has three main components: 1) chambers to contain cells of V. convallaria. 2) flow channels and inlets to introduce V. convallaria and chemical reagents to the chambers. 3) control channels to select chambers and inlets by manipulating valves. 
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Microfluidic control device were prepared by the process of multilayer soft lithography using PDMS (Sylgard 184, Dow Corning) [6] . The microfluidic device is composed of two elastomer layers (flow and control layer). Devices were fabricated using the push-up valve configuration.
For the flow layer fabrication, a 50 μm thick layer of positive tone AZ 50 XT (Clariant) was patterned on a silicon wafer. After development, the AZ was reflowed by placing the wafer on a hotplate at 120 °C to create channels with round cross sections followed by a hard bake overnight at 130 °C.
The control wafer was created using two layers of 50 and 100 μm thick SU8 50. The second layer of SU8 was patterned over the base layer where valves and chambers were located. The shape of a chamber is similar to cuboidal. The dimensions of each chamber are 150 μm high, 2.5 mm long and 1.0 mm wide. One chamber is designed to have 367 nl of the volume. Molds were treated with silane to facilitate PDMS casting.
The flow and control layers of the device were cast and thermally bonded at 80 °C using 5:1 and 20:1 PDMS, respectively. After curing of the two layer device for several hours, we punched interconnection holes between flow channels and chambers with a scalpel under the stereomicroscope. Input ports were punched with biopsy tools and chips were cleaned using ethanol and nitrogen. Individual control chips were bonded to precleaned 1 mm thick glass slides using a 30 s air plasma treatment on target surfaces (Expanded Plasma Cleaner, Harrick Plasma, Ithaca, NY). Steel pins and tubes were connected to the device. Flow channels and chambers were fulfilled with solutions. To test the operation of switching solutions of the device, we filled the chambers with green dye and replaced green dye with water inside the chambers. We applied different pressures to eject green dye and measured the speed of exchanging solution. We used ImageJ software for image analysis and processing to calculate green area.
Floating cells of V. convallaria were obtained for injection to the device in the following manner. V. convallaria were cultured in Petri dishes. After suitable number of V. convallaria grew, the cells were scraped from the bottom of the Petri dishes. We centrifuged them at 3000 g, and the supernatant was discarded to enrich the cells.
V. convallaria were introduced and controlled in the microfluidic device as shown in figure 3 . (a) We injected the floating cells into chambers. (b) We kept them for two days to attach to the surface and to grow stalks. Then we injected 0.1 % (w/w) saponin in rinse buffer (0.1 M NaCl, 4 mM EGTA, 50 mM Tris-HCl, pH 6.8) and waited for 20 minutes until the cells were permeabilized. (c) The rinse buffer was injected to wash out detergent. To control the contraction and relaxation of stalks, we alternately applied two solutions: rinse buffer as chelator for relaxation and (d) calcium ion solution, Ca 2+ ion in rinse buffer, the value of free Ca 2+ ion was adjusted to 1.0 μM for contraction. Solutions were kept injecting during the operation. We observed their motion and length under a stereomicroscope. Figure 4 shows a picture of the fabricated microfluidic device. Eight tubes for the control channel and four tubes for the inlet are connected. The size of interconnection holes is around 0.1 mm 2 . The valves were controlled with solenoid valves, and solution was switched from green to transparent (figure 5 and 6). The green solution was fulfilled up to an area of approximately 2.3 mm 2 . Then, the green area gradually disappeared as water replaced it. The middle area of the chamber is initially flushed away. Then, the remaining dye at the perimeter of the chamber is washed away. The delay in liquid replacement at perimeter as compared to center is determined by the location of the inlet and outlet and the dimensions of the chamber.
RESULTS&DISCUSSION
Exchanging rates of solutions are characterized by analyzing the green area ( figure 6 ). The exchanging rates become large with increasing applied pressure. The green area of the each graph decrease exponentially with time and is saturated at around 0.3 mm 2 because of the remaining bubble in the chamber. The curves are presumed to be linear in the range of 1.0-2.3 mm 2 . We calculated and obtained the exchanging rates from 2.3 to 1.0 mm 2 (table 1) . The minimum and maximum exchanging rates are 18.0 nl/s at 6.9 kPa and 127 nl/s at 34 kPa.
Solution containing cells of V. convallaria was gradually injected as shown in figure 7 . Approximately 35 cells of V. convallaria were in 102 nl of the solution. When 10 kPa was applied, the volume of the solution increased from 102 nl to 141 nl in 90 s (table 2) . A few hours after the injection, almost all cells attached the surface inside the chamber. The attachment of the cells was strong enough to flow, and the cells did not detach from the surface. Two days after the injection, V. convallaria have several dozen μm of stalks (figure 8). We observed V. convallaria were alive 5 days after injection. Since chambers and channels are not filled, injection rate is slower than the chamber is already filled.
After treatment of saponin solution, V. convallaria stopped their spontaneous motion, and V. convallaria is controlled with a microfluidic device. Figure 9 shows a time series of the length of a stalk. When the solution is switched, the stalk contracts and relaxes corresponding to the ambient calcium ion concentration change. The length of the stalk is repeatedly shrank and elongated in the range between 40 and 60 μm, resulting in a working distance of about 20 μm. The transition from contraction to relaxation (and vice versa) finishes in about two seconds. After the valves are switched, the entering solution reaches the location of the V. convallaria with a delay of about 5-10 seconds. 
CONCLUSION
We fabricated a microfluidic device to control the motion of V. convallaria by changing solution. The microfluidic device has three main components: 1) chambers to contain cells of V. convallaria. 2) flow channels and inlets to introduce V. convallaria and chemical reagents to the chambers. 3) control channels to select chambers and inlets by manipulating valves. Solution in a chamber is exchanged with solenoid valves and a compressor. One chamber is designed to have 367 nl of the volume.
Floating cells of V. convallaria were injected. Approximately 35 cells of V. convallaria were in 102 nl of the solution. A few hours after the injection, almost all cells attached the surface of the chamber. Two days after the injection, the cells had several dozen μm of stalks.
V. convallaria was controlled with a microfluidic device. When the solution was switched, the stalk contracted and relaxed corresponding to the ambient calcium ion concentration change. The length of the stalk changed between 40 and 60 μm, resulting in a working distance of about 20 μm.
The microfluidic device is promising for a control device of biomolecular motors. We are also investing the process to combine V. convallaria in MEMS.
